Abstract Almost 40 years has passed since the discovery of giant elastic protein titin (also known as connectin) of striated and smooth muscles using gel electrophoresis. Sodium dodecyl sulfate polyacrylamide gel electrophoresis is a major technique for studying the isoform composition and content of titin. This review provides historical insights into the technical aspects of the electrophoresis methods used to identify titin and its isoforms. We particularly focus on the nuances of the technique that improve the preservation of its primary structure so that its high molecular weight isoforms can be visualized.
History of the discovery and study of titin/connectin by SDS-gel electrophoresis technique
Titin was discovered in 1979 by Kuan Wang and his coauthors using gel electrophoresis. They studied chicken striated (breast), cardiac and smooth (gizzard) muscle extracts using 4% polyacrylamide gels (acrylamide/bisacrylamide ratio 50:1, Tris glycine pH 8.8; as in Etlinger et al. 1976 ) in which they identified another very large actin-binding protein, filamin (Wang et al. 1979) . Filamin was detected in smooth muscle but not in extracts from cardiac and skeletal muscles of the chicken and rabbit in the presence of sodium dodecyl sulfate (SDS). In another polyacrylamide gel prepared as described by Etlinger et al. (1976) , except that 3.2% acrylamide was used instead of 5%, three major bands were observed above the prominent myosin heavy chain. They found a closely spaced doublet and a faster moving singlet band (Wang et al. 1979) . Using crosslinked myosin heavy chains (205 kDa) as standards, the authors estimated that each of these doublet bands (1 and 2) has a Mr ∼1 × 10 6 and that the Mr of band 3 is ∼5 × 10 5 . Proteins 1 and 2 appeared to be immunologically identical and were named titin 1 (T1) and titin 2 (T2). The third protein was thereafter named nebulin (Wang 1982) .
Independent of Kuan Wang and his coworkers, another group of investigators headed by Koscak Maruyama discovered a protein which they named connectin (Maruyama 1976; Maruyama et al. 1976) . The properties of connectin as a protein candidate for the elastic filaments in sarcomeres of striated muscles of vertebrate animals were intensively explored by this group of authors in the late 1970s to early 1980s (Maruyama et al. 1977a, b, c; Matsubara and Maruyama 1977; Toyoda and Maruyama 1978) . In 1981, having conducted a comparative study of electrophoretic mobility, amino acid composition, and localization in myofibrils of titin and connectin, Maruyama and coauthors showed that the major high molecular weight component of connectin was identical with that of titin (Maruyama et al. 1981) . Using crosslinked myosin heavy chains as standards, and 1.8-3.0% polyacrylamide tube gels prepared according to Weber and Osborn (1969) , the authors showed that the molecular weights of α-connectin (corresponding to intact molecules of titin-1) and β-connectin (corresponding to proteolytic fragments of T1 -T2) This article is part of a Special Issue on 'Titin and its Binding Proteins in Striated Muscles' edited by Amy Li and Cristobal G. dos Remedios. of breast muscle of the chicken were 2.8 × 10 6 and 2.1 × 10 6 , respectively (Maruyama et al. 1984) (Table 1, Reference 2) .
Further electrophoretic studies of titin (connectin) using different types of gels (Table 1, References 3, 4, 6, 7, 9, 10, 12) revealed differences in electrophoretic mobility of T1 (α-connectin) in cardiac and skeletal muscles of vertebrates animals (fishes, amphibians, reptiles, birds, mammals). In particular, six skeletal muscles (adductor magnus -AM, psoas -PS, longissimus dorsi -LD, sartorius -SA, soleus -SO, semitendinosus -ST) and cardiac muscle of the rabbit were analyzed on a 2-12% gradient gel . Plots of molecular mass versus mobility, assuming 2.8 and 2.4 MDa for T1 and T2 of the rabbit PS, respectively, yielded the following set of values for T1: AM and PS, 2.8 MDa; LD and SA, 2.88 MDa; SO and ST, 2.94 MDa ( Table 1 , Reference 6). Cardiac muscle displayed the smallest titin. Based on data obtained the assumption on the existence of isoforms of T1 was made Horowits 1992 ). This assumption is in agreement with the results of our experiments (Vikhlyantsev and Makarenko 2000) in which the differences in electrophoretic mobility of T1 in striated muscles of a ground squirrel were found in a 7% polyacrylamide gel, prepared according to Fritz et al. (1989) . The distinguishing feature of an acceptable gel for highmolecular-mass proteins (greater than 500 kDa) is the requirement for a low concentration of bis-acrylamide (bis-acrylamide/acrylamide = 1:200) (Table 1, Reference 5).
In 1995 the complete complementary DNA sequence of human cardiac titin was determined (Labeit and Kolmerer 1995) . Further studies showed that the titin gene (TTN) consists of 363 coding exons, which can be differentially spliced and theoretically could generate more than 1 million splice variants in striated and smooth muscles of mammals Bang et al. 2001; Labeit et al. 2006; Guo et al. 2010; Gerull 2015) .
Adult striated muscles express three major titin isoforms named N2A (skeletal muscles), N2B, and N2BA (cardiac muscle). Multiple splicing pathways result in titin isoform diversity . In particular, in soleus and psoas skeletal muscles, different exon-skipping pathways produce titin transcripts that code for 3.7 and 3.35 MDa isoforms, respectively . In the heart, ventricular muscle exons separated by 101 kb lead to the exclusion of 155 exons and the expression of a 2.97-MDa cardiac titin N2B isoform. The atria express exclude 90-100 exons resulting in a 3.3-MDa N2BA titin isoform .
Electrophoretic detection of titin isoforms
To confirm that muscles contain N2A, N2B and N2BA isoforms of titin, different macroporous gels have been reported by different authors (Table 1, References 13-15). These gels showed that the T1 mobility varied greatly between skeletal and cardiac muscles from different mammals Trombitás et al. 2000; Neagoe et al. 2003; Warren et al. 2003a, b; Lahmers et al. 2004; Makarenko et al. 2004; Udaka et al. 2008; Guo et al. 2013) . The major T1 bands were ascribed to the titin isoforms N2B and N2BA in cardiac muscle and the titin isoform N2A in skeletal muscles. Western blots using antibodies against the N-terminal and the C-terminal ends of titin revealed that the N2A, N2B and N2BA bands represent full-length titin molecules (T1) Wu et al. 2000; Lahmers et al. 2004) .
Using agarose-strengthened 2.0% polyacrylamide gel, isoform diversity of skeletal N2A-titin in rabbit muscles was detected (Prado et al. 2005) . In particular, titin isoform analyses for 37 adult rabbit skeletal muscles showed sizes between 3.3 MDa and 3.7 MDa (Prado et al. 2005 , human soleus N2A (3.7 MDa) and human cardiac N2B (3.0 MDa) and N2BA (3.3 MDa) were as markers for molecular weight detection). N2BA titin isoforms in cardiac muscle of mammals (mouse, hamster, rat, rabbit, cat, and cow) had sizes of approximately 3.25-3.4 MDa (Neagoe et al. 2003 ; Table 1 ).
With the help of the electrophoresis system using 1% vertical agarose gel (Warren et al. 2003a) , at least four classes of cardiac N2BA titin isoforms were observed. In particular, two rat embryonic/neonatal forms (N2BA-N1, N2BA-N2) with apparent sizes of approximately 3710 and 3590 kDa, respectively, were found during late embryonic and immediately post-natal (Warren et al. 2004 ). These were gradually replaced by adult forms (N2BA-A1, N2BA-A2) with sizes of 3390 kDa and 3220 kDa, respectively (Warren et al. 2004) . Similar titin isoform transformations were observed in embryonic/neonatal hearts of rat and other mammals and reported by the researchers (Lahmers et al. 2004; Opitz et al. 2004; Greaser et al. 2005; Krüger et al. 2006) .
Giant titin isoforms expressed in rat striated muscles with an RBM20 autosomal dominant mutation were recently reported (Greaser et al. 2008; Li et al. 2012; Guo et al. 2012) . The molecular masses of these isoforms were estimated from their electrophoretic mobility in 1% vertical agarose gel to be 3750 kDa and 3830 kDa ).
More than 10 years ago, our group headed by Zoya Podlubnaya compared the isoform composition of titin in mammalian striated muscles under conditions of hibernation, microgravity, and during the development of pathological processes. Vertical agarose-strengthened 2.1-2.3% polyacrylamide gels (8 × 10 × 0.1 cm in the Laemmli buffer system, pH 9.0) prepared according to Tatsumi and Hattori (1995 ;  Table 1 , Reference 11) were used to separate titin isoforms and their fragments. Our first experiments showed that, in addition to N2A, N2BA, N2B and T2 bands, there exist one or two more high Mr bands (named NT) (Vikhlyantsev et al. 2004a, b) . Staining the gels with ethidium bromide revealed In addition to T1 and T2 some samples also contained a band that barely entered the gel. Western blotting with titin-specific antibodies indicated that this band is titin. The authors suggested that this is titin aggregates.
Muscle samples were quick-frozen in liquid nitrogen, pulverized, and then rapidly solubilized. SDS gel electrophoresis was carried out according to Granzier and Irving (1995 no nucleic acids in the bands, although western blots with 9D10 antibodies revealed titin bands (Vikhlyantsev et al. 2004a) . Our subsequent studies showed that these titin bands appear in the electrophoregrams of striated muscles of humans and other mammals, including mouse, rat, rabbit (Vikhlyantsev and Podlubnaya 2006; Ulanova et al. 2015) , ground squirrel , Mongolian gerbil (Vikhlyantsev et al. 2011; Okuneva et al. 2012) , and bear . Titin isoform composition in striated muscles in other groups of vertebrates (amphibians and birds) revealed no NT bands . The content of NT titins in the muscles of small rodents was 10-20% compared to 30-40% for ground squirrel, bear and humans. Using human and animal skeletal muscle myosin heavy chain (205 kDa) and, nebulin (770-890 kDa), as well as the N2A titin isoform (∼3600 kDa and 3700 kDa) of rabbit and human soleus as standards Krüger et al. 1991; Granzier and Wang 1993; Prado et al. 2005) , we estimated that the NT have a Mr of ∼3.8-3.9 × 10 6 (Vikhlyantsev and Podlubnaya 2006) . Expression of titin isoforms with these molecular weights is not excluded (Bang et al. 2001; Guo et al. 2010 Guo et al. , 2012 Li et al. 2012 ), but titin aggregates in gels could not be excluded either (Granzier and Wang 1993; Cazorla et al. 2000; Warren et al. 2003a) . Assuming that molecular masses of titin aggregates should considerably exceed 3800-3900 kDa, we decided to find out more about the differences in electrophoretic mobility of the observed bands.
Accordingly, we tried to increase the time of electrophoresis in the vertical agarose-strengthened 2.0-2.3% polyacrylamide gels (8 × 10 × 0.1 cm) from 2 to 4-5 h. However, this led to a strong diffusion of titin bands. Then, we tried using 1.7-1.8% instead of 2.0-2.3% polyacrylamide gels, but the attempt failed because the gels slid down between the glass plates or broke during electrophoresis. We then developed a horizontal agarose-strengthened 8.5 × 12.5 cm gel system using 1.3% polyacrylamide and 0.5% agarose (Table 1 , Reference 16). The gels showed that mobility of the NT bands varied greatly between muscle sources.
Using human and animal skeletal muscle myosin heavy chain (205 kDa) and nebulin (770-890 kDa) as standards, we estimated the molecular masses of N2A, N2BA, N2B, T2 and NT titin bands. The results obtained were impressive. The NT bands were 3230-3730 kDa, compared to the N2A, N2BA, N2B and T2 bands (Mr ∼2.1-2.8 × 10 6 ) ( Table 1 , Reference 16), that corresponded to a set of values for T1 (α-connectin) and T2 (β-connectin) (Maruyama et al. 1984; Wang et al. 1991; Granzier and Wang 1993) . Similar data were obtained for vertical agarose-strengthened 1.9% polyacrylamide gels (14.5 × 16.0 × 0.15 cm). In Fig. 1 , the gels resolved a doublet band at 3300-3400 kDa for cardiac muscle and a singlet band of 3600-3700 kDa for skeletal muscles of mammals. We therefore hypothesized that the NT bands are intact N2A, N2BA, N2B titin isoforms .
Results from western blots with Z1/Z2 antibodies against the N-terminal end and AB5 antibodies against the C-terminal end of titin revealed the NT bands were full-length titin molecules , thereby agreeing with our hypothesis. Although this requires further research, we cannot exclude the possibility that the NT bands are the other protein immunologically identical to titin. Agarosestrengthened 2.1% polyacrylamide gels revealed no NT bands . 1 Myocardium (left ventricle), 2 m. soleus. Protein bands are indicated: heavy chains of myosin (MHC); nebulincytoskeletal protein of thin filaments; proteolytic fragments of titin (T2); intact titin (T1); isoforms of T1 (N2B, N2BA, N2A, NT). Vertical agarose-strengthened 1.9% polyacrylamide gel (14.5 × 16.0 × 0.15 cm) was used to separate the titin isoforms. Enlarged fragment of the gel with NT-titin bands is in the inset. As standards for estimation of molecular weights, the MHC (205 kDa), nebulin (770-890 kDa), titin-2 (2100-2400 kDa) of rabbit and human striated muscles were used Krüger et al. 1991; Granzier and Wang 1993) in rat heart in day 19 embryos or 2-14 days neonatal hearts ( Fig. 2 ; unpublished data) but NT titin was detected in rats 30 days old (data not shown).
Peculiarities of sample preparation for electrophoresis study of titin Granzier and Wang (1993) paid particular attention to sample preparation of titin. They found that titin was extraordinarily sensitive to proteolysis in situ by endogenous proteases and by proteases in buffers contaminated with bacteria and fungi. Even in SDS-solubilized myofibril samples, appreciable degradation of titin by residual protease activity can occur in a few days at room temperature (Wang 1982 (Wang , 1985 Granzier and Wang 1993) . To limit proteolysis, the authors suggested the inclusion of protease inhibitors in SDS samples prior to electrophoresis. Leupeptin, E-64, and a protease inhibitor cocktail (Sigma) have been used to inhibit proteolytic degradation of titin (Granzier and Irving 1995; Tatsumi and Hattori 1995; Linke et al. 1997; Neagoe et al. 2003; Warren et al. 2003a; Vikhlyantsev and Podlubnaya 2006) . In order to attain better solubilization of titin, it has been proposed to use urea-thiourea SDS DTT sample buffer (Fritz et al. 1989; Warren et al. 2003a) . It is conceivable that urea-thiourea may facilitate the access of SDS to titin by rapidly solubilizing other myofibrillar proteins in the sarcomere lattice.
Heat treatment of the samples is also important. SDS samples are usually prepared by heating them in boiling water for 2-5 min, a process thought to promote denaturation of proteins and facilitate disulfide reduction. Other authors have shown that boiling degrades titin (King and Kurth 1980; Granzier and Wang 1993; Mitsuhashi et al. 2002; Warren et al. 2003a) . Samples heated at 100°C had less intact titin and more breakdown products (smears migrating near the bottom of the gel) than those at 60°C (Warren et al. 2003a) . A temperature of 50-60°C for 10-20 min has been considered optimal for the extraction and preservation of intact titin (Granzier and Wang 1993; Mitsuhashi et al. 2002; Warren et al. 2003a) . We recommended heating titin in SDS at 35-40°C for 30-40-min (Vikhlyantsev and Makarenko 2000; Vikhlyantsev and Podlubnaya 2012) .
Other details of the electrophoretic study of titin
Titin has a tendency to aggregate during electrophoresis, especially in gel systems that use a stacking gel or discontinuous buffers (Granzier and Wang 1993) . To prevent disulfide crosslinking, Fritz et al. (1989) , as well as Warren (2009, 2012) , recommended the inclusion of β-mercaptoethanol in the top anodic buffer. Granzier and Wang (1993) , using 3.3-12% linear gradient gels, noted the importance of polymerizing the gel for at least 12 h prior to sample application. Titin bands are often diffuse in non-aged gels, presumably because the low percentage acrylamide near the top took much longer to properly polymerize (Granzier and Wang 1993) .
Agarose-strengthened 2% polyacrylamide gels exhibit some peculiar characteristics. To prevent polyacrylamide polymerizing before agarose is polymerized, Tatsumi and Hattori (1995) cooled the 40°C agarose solution for 5 min in ice water. Similarly, we added the agarose solution to glass cells that were pre-cooled to 8-10°C and left the gel for 10 min in the refrigerator at 5°C. Then, we kept the gel for 30 min at 20°C and then for 2-2.5 h at 27°C.
Our recommendation is to perform electrophoresis using macroporous, agarose-strengthened polyacrylamide gels at low currents. For instance, Neagoe (of Wolfgang Linke's group) noted that the best separation for the high molecular weight proteins was obtained by running the electrophoresis Fig. 2 Perinatal titin isoform switching in rat heart. 1 Adult rat heart expresses N2B, N2BA and NT-titins. 2 Fetal hearts 3 day before birth (e19) expresses more long (embryonic) N2BA-isoform of titin and N2B-titin. 3, 4 Two days after birth (3) and 14 days after birth (4), N2B and N2BA-titins are expressed in rat heart. MHC Heavy chains of myosin; T1 intact titin; T2 proteolytic fragments of titin. Vertical agarosestrengthened 2.1% polyacrylamide gel (8 × 10 × 0.1 cm) was used to separate the titin isoforms overnight at 2 mA per 8.6 × 7.7 cm gel (Neagoe 2008) . Similarly, we performed the initial electrophoresis of 8.0 × 10.0 × 0.10 cm gels at 3 mA for 40 min, then increasing the current strength up to 7-8 mA. It is recommended to refresh the tank buffer once at 2.5 h to limit pH changes caused by electrolysis during electrophoresis (Granzier and Wang 1993) .
Conclusion
From the above discussion, it is clear that SDS-PAGE electrophoresis of titin is a complex procedure that is certainly not routine. The combination of giant molecular mass and the susceptibility of titin to degrade during preparation compound the problem. Thus, for a successful study of titin by electrophoresis, one must follow three main rules: (1) use protease inhibitors (leupeptin, E-64, protease inhibitor cocktail); (2) do not heat SDS samples higher than 40-60°C; and (3) judiciously select the type of the gel.
Currently, the most suitable formats for analyzing titin are: (1) vertical agarose-strengthened 2% polyacrylamide gel (Tatsumi and Hattori 1995) ; (2) vertical 1% agarose gel (Warren et al. 2003a) ; and (3) horizontal agarose-strengthened 1.3% polyacrylamide gel (Vikhlyantsev and Podlubnaya 2006) .
